Abstract. There is a wide variety of flood damage models in use internationally, differing substantially in their approaches and economic estimates. Since these models are being used more and more as a basis for investment and planning decisions on an increasingly large scale, there is a need to reduce the uncertainties involved and develop a harmonised European approach, in particular with respect to the EU Flood Risks Directive. In this paper we present a qualitative and quantitative assessment of seven flood damage models, using two case studies of past flood events in Germany and the United Kingdom. The qualitative analysis shows that modelling approaches vary strongly, and that current methodologies for estimating infrastructural damage are not as well developed as methodologies for the estimation of damage to buildings. The quantitative results show that the model outcomes are very sensitive to uncertainty in both vulnerability (i.e. depth-damage functions) and exposure (i.e. asset values), whereby the first has a larger effect than the latter. We conclude that care needs to be taken when using aggregated land use data for flood risk assessment, and that it is essential to adjust asset values to the regional economic situation and property characteristics. We call for the development of a flexible but consistent European framework that applies best practice from existing models while providing room for including necessary regional adjustments.
Introduction
Flooding of river systems is the most frequent and costly natural hazard, affecting the majority of the world's countries on a regular basis (UNISDR, 2011; IPCC, 2012) . Over the past few decades the economic damage as a result of flooding has increased in most regions. Several studies state that most of this increase can be attributed to a growth of population and wealth in flood prone areas (Barredo, 2009; Bouwer et al., 2010; Kreft, 2011; UNISDR, 2011; Barredo et al., 2012) . Studies of past flood events show that the majority of losses arise in urban areas, due to impairment of structures, costs of business shut-down and failure of infrastructure (EA, 2010; ADB and The World Bank, 2010) . Government agencies, insurance companies and research institutions in many countries develop and use flood damage models to assess the expected economic flood impact. Estimates of potential exante damage are used, for example, for land use planning, flood risk mapping and cost-benefit analysis of required investments in flood defences (e.g. Charnwood Borough Council, 2003; Kind, 2011) .
Flood damage can be divided into four types: direct tangible (e.g. physical damage due to contact with water), indirect tangible (e.g. loss of production and income), direct intangible (e.g. loss of life) and indirect intangible (e.g. trauma) (e.g. Smith and Ward, 1998; Messner et al., 2007; Bubeck and Kreibich, 2011) . In this paper we will only assess methodologies relating to the estimation of direct tangible damage. The estimation of direct flood damage is a complex process involving a large number of hydrologic and socioeconomic factors. The structure, inputs and outputs of a specific damage model are defined not only by the available data, but also by the purpose of the model. For example, while insurance companies model the estimated insured damages, government agencies and academics are generally interested in the accurate assessment of total economic losses. All damage models are by definition based on a degree of generalisation, but the level of detail varies significantly between them.In this paper we compare a range of flood damage models in order to qualify and quantify the differences.
In almost all models in use today, flood depth is treated as the determining factor for expected damage, sometimes complemented by other parameters like velocity, duration, water contamination, precaution and warning time (Messner et al., 2007; Merz et al., 2010; Green et al., 2011) . Some recently developed multi-parameter models are conceptual (Nicholas et al., 2001) or developed (and validated) for specific areas, e.g. for Japan (Zhai et al., 2005) or FLEMO for Germany . Thus, more research is needed on their validation and transferability (e.g. in this study the German multi-parameter model FLEMO is included).
However, the internationally accepted and most common method for the estimation of direct flood damage is still the application of depth-damage functions (Smith, 1994; Kelman and Spence, 2004; Meyer and Messner, 2005; Green et al., 2011) . Depth-damage functions represent relationships between flood depth and the resulting monetary damage. For a given flood depth the function gives expected losses to a specific property or land use type, either as a percentage of a pre-defined asset value (relative function) or directly in financial terms (absolute function).
There is a large degree of uncertainty in the construction of the damage curves, the asset values connected to these curves and the larger methodological framework Hall et al., 2005; Meyer and Messner, 2005; Messner et al., 2007; Apel et al., 2008; Freni et al., 2010; Merz et al., 2010; Green et al., 2011; Ward et al., 2011) . Differences in the methodological framework of flood damage models are for example apparent in the spatial scale (object-versus area-based), damage-function type (absolute versus relative), damage classes, cost base (replacement cost versus depreciated cost) and the number of hydrological characteristics included. Also, while some damage models are constructed using empirical damage data, others are defined on expert judgement in combination with artificial inundation scenarios.
De show that uncertainty in depthdamage curves and corresponding asset values constitutes the most important factor in damage estimation, and has a much stronger effect on the outcome than uncertainties in hydrological and land use ("assets at stake") inputs. The assessment and reduction of these uncertainties by crosscomparison of damage models is important on two levels.
First, it can be used to improve currently existing flood damage models and their results. Second, it can assist in the development of a consistent supra-national damage assessment approach (te Linde et al., 2010; . In the EU Flood Risks Directive, consistency in assessment methods is already aimed at within individual river basins in the European Union (European Parliament, 2007) . On a larger scale, there is an increasing interest in a harmonised Europewide modelling approach (Lugeri et al., 2006; De Roo et al., 2007; Barredo and De Roo, 2010) . Such a consistent modelling approach could be valuable for the identification of areas of high potential risk; the support of European policy; and the estimation of the expected costs of compensation mechanisms such as the EU Solidarity Fund (European Council, 2002; Hochrainer et al., 2009) . A first pan-European damage model has been developed on the request of the European Commission -Joint Research Centre (Huizinga, 2007) , and is discussed in Sect. 4.
Flood damage modelling methodologies have been evaluated in several comparison studies (e.g. Meyer and Messner, 2005; Messner et al., 2007; Merz et al., 2010; Green et al., 2011) . However, these studies either: (1) focus on a small selection of models; (2) are limited to qualitative assessment; or (3) only measure quantitative model outcomes relative to other models due to a lack of available empirical damage data. In this paper we present a first comprehensive qualitative and quantitative comparison of seven damage models.The objectives are to identify strengths and weaknesses in existing modelling approaches, specify the uncertainties involved and use these findings to assist the development of a harmonised European approach. We conducted the qualitative comparison by analysing the properties of the models using a literature study, and comparing them on a set of defined aspects. We carried out the quantitative assessment by running all models on two case studies of past flood events, for which both spatial hydrological and land use data as well as reported flood damage data are available.
Case studies
The first case study for the quantitative comparison of damage model outcomes is based on a 2002 flood event in Eilenburg, Germany (Fig. 1) . The second case study covers the 2005 flooding in Carlisle, United Kingdom (Fig. 2) . Both flood events have been analysed in detail in several previous studies outlined below, and the available data are used in subsequent sections of this paper to estimate uncertainties involved in flood damage modelling.
Eilenburg
The August 2002 flooding of the Mulde River in the German municipality of Eilenburg, Saxony (Fig. 1) , has been documented extensively and used as a case study in several preceding flood risk studies (e.g. Apel et al., 2009; Kreibich et al., 2009; Kuhlicke, 2008; Meyer et al., 2009) . During the flood event, water reached a depth of up to 5 m in large parts of the city, forcing the evacuation of ca. 10 000 people. An estimated area of 9.2 million km 2 was inundated, consisting of approximately 3.4 million km 2 of built-up area and infrastructure, and 5.8 million km 2 of agriculture and natural land cover, resulting in total damage estimated at C218 million (Sect. 2.2.3).
The federal state of Saxony has a population of over 4 million people, with a GDP per capita of approximately C21 000, compared to C29 000 for Germany as a whole (European Commission, 2012) . Compared to the German average, a relatively large part of the Saxon economy is based on industry, construction and public services (SMWA, 2010) . Financial services and trade contribute less to the economy in relative terms compared to the national average. Eilenburg is located in the north-western district of Saxony, about 20 km from the city of Leipzig, and has a population of 19 000. The Eilenburg region has a history of flooding, with high water events in the 20th century in 1926 , 1932 , 1954 , 1958 , 1974 .
Carlisle
Between 7 and 9 January 2005, 36 h of heavy rain caused a discharge with an estimated return period of 150 yr in the river Eden in the county of Cumbria (Day, 2005) , leading to severe flooding along the length of the river. In the county capital, Carlisle (Fig. 2) , 1844 properties were affected and three people lost their lives. The inundated area covered an estimated 2.3 million km 2 , of which 1 million km 2 consisted of built-up area and infrastructure, and the rest of nature and agriculture. Total losses are estimated at £383 million ( C535 million 1 ) (Sect. 2.2.3).
Cumbria has a total population of 496 000, of which 77 000 live in Carlisle. The GDP per capita of Cumbria was approximately £23 000 (C32 000), compared to an average 1 At exchange rate of January 2005. of £30 000 (C42 000) in England (Office for National Statistics, 2012) . The relative sectoral employment in Carlisle is generally in line with the national average, except for larger proportions working in agriculture (3.1 % versus 1.5 %) and manufacturing (15.9 % versus 14.8 %), and a smaller fraction employed in finance and property (10.4 % versus 18.0 %) (Office for National Statistics, 2005) . Similar to the Mulde river in Germany, the Eden river basin has a history of flood events recorded as far back as the 1700s. Floods in recent years have been recorded in 1963, 1968, 1979, 1980, 1984 and 2005 .
Methodologies
We qualitatively and quantitatively compared seven flood damage models developed for simulating direct flood damage: FLEMO (Germany), Damage Scanner (The Netherlands), Rhine Atlas (Rhine basin), the Flemish Model (Belgium), Multi-Coloured Manual (United Kingdom), HAZUS-MH (United States) and the JRC Model (European Commission/HKV). We are aware that more damage models are available, but we selected these specific ones because: (1) for these models there is enough background information available for consistent comparison; (2) they all use water depth as the main determining parameter for direct damage estimation; and (3) they were developed in economically similar regions as the case studies. Furthermore, all models involved in this study are developed and applied by governments and academic institutions rather than the insurance industry, which ensures a degree of consistency in the purpose of the models. We compared the models quantitatively on the basis of two case studies described in Sect. 2.
Qualitative assessment
The framework used for the qualitative assessment of the damage models is presented in Fig. 3 . We assessed all models on three main aspects: scale, input data and damage calculation. On the basis of preceding comparison studies (e.g. Meyer and Messner, 2005; Messner et al., 2007; The model description in Sect. 3 also includes information on complementary aspects such as the methodologies with respect to indirect effects, but these will not be discussed further in the results section.
Quantitative assessment
We carried out a quantitative comparison and sensitivity analysis of the various damage models using the flood events in Carlise and Eilenburg described in Sect. 2. In the following subsections, we describe the steps required in this process. Fig. 3 . Schematic display of the framework for qualitative assessment of the damage models included in this study. The summarised results are listed in Table 3 .
Damage modelling
In order to calculate flood damages with the different damage models, several inputs are needed for both case study areas. First, we obtained inundation maps, which provide flood depths for the inundation zones in Eilenburg and Carlisle (Sect. "Inundation maps"). Second, we constructed consistent land use maps for both areas using freely available European datasets (Sect. "Land use maps"). Finally, we adjusted the damage models to enable their application with these land use maps (Sect. "Damage model modification").
Inundation maps
Both case study areas have recently been subject to a significant flood event, inundating an estimated 1 to 3 million km 2 in Carlisle and Eilenburg respectively, and affecting thousands of properties. After the events, discharge patterns were reconstructed using measuring gauges, on the basis of which various inundation models with different complexity were built to simulate water depths and flow velocities (Fig. 4) . The depth histograms for both study areas are presented in Fig. 5 .
Eilenburg
Because of the large impact of the event, the hydrological characteristics of the Eilenburg flooding have been studied in detail. River discharges were measured at the nearby gauging station of Golzern. In addition, maximum inundation depths were recorded at 380 observation points throughout the city (J. Schwarz et al., personal communication, 2005) . On the basis of the discharge, and a 25 m × 25 m DEM, Apel et al. (2009) simulated the flooded area using four different inundation models, which were calibrated using the node data of observed flood depths. In the present study we use inundation depths from the 1-D/2-D model, which was found by Apel et al. (2009) to be the most suited approach (Fig. 4) . 
Carlisle
As is the case in Eilenburg, the flood that occurred in Carlisle in 2005 has subsequently been the focus of several inundation simulations (e.g. Neal et al., 2009 Neal et al., , 2012 Horrit et al., 2010; Fewtrell et al., 2011) . In the present study, we use the results of a 2-D inertial wave model developed using the 2-D channel geometry from Horritt et al. (2010) . The model is based on a deterministic approach, using gauged hydrographs, LiDAR elevation data, and Mastermap®land use data to aid the LiDAR processing (Mason et al., 2007) . Discharge data were available from four Environment Agency gauging stations along the river. In addition, an ex-post survey delivered a set of 263 water marks that were used for roughness calibration (Neal et al., 2009 ). The resulting inundation map covers the larger Carlisle city area with a horizontal resolution of 5 m × 5 m and has a vertical root mean square error of 0.26 m with the checked water marks. Compared to the Eilenburg simulation, the Carlisle inundation area is smaller (Fig. 4) and has relatively fewer cells with high (> 2 m) flood depths (Fig. 5 ).
Land use maps
To ensure a consistent comparison between the two case study areas, we use CORINE 2006 (EEA, 2009) land cover data, which is available in both areas. The resolution of the land use data is 100 m × 100 m. From the original CORINE data, we selected the classes "111 -Continuous urban fabric", "112 -Discontinuous urban fabric", "121 -Industrial or commercial units" and "122 -Road and rail networks and associated land", which are the areas containing residential, commercial, industrial and infrastructural constructions. Since we observed that CORINE does not classify any surface within the two case study areas as infrastructure and associated land, we added the main roads manually to this class using ESRI's Europe Base Map (ESRI, 2009) (Fig. 4) . 
Damage model modification
We conducted a comparative damage assessment by applying the various damage models to the study areas employing the simulated flood inundation depths and CORINE 2006 land cover data (Fig. 4) . In order to compute direct damage for the two available case studies in a consistent way, we adjusted the seven models to be compatible with CORINE land cover data. For most damage models the adjustment to CORINE led to two main generalisations. First, the spatial resolution of the land use input was set to the CORINE 100 m × 100 m grid size. Second, the number of classes was decreased to match the four selected CORINE classes containing urban, commercial/industrial and infrastructural land cover.
For all models one original depth-damage curve and corresponding maximum damage value was assigned to each CORINE land use class (Table 1) . If more than one original model class could be applicable to a certain CORINE class, we chose the class that was considered to be most comparable to the other models. For example, from the HAZUS residential classification we selected the class three or more floors, no basement, since this corresponds best to building types assumed in the Damage Scanner, Multi-Coloured Manual and Rhine Atlas models. Five out of seven damage models used in this study (FLEMO, Damage Scanner, Rhine Atlas, Flemish Model, JRC Model) are developed for aggregated land use data such as CORINE, which take into account that each of the land use classes containing built-up area also include a fair share of less damage-prone land cover apart from buildings (e.g. gardens and public grounds in residential areas). In contrast, HAZUS and the Multi-Coloured Manual are specifically designed for individual objects and thus cannot be applied directly to CORINE land use data. Therefore, we analysed the average surface and density of buildings in each of the case study areas and adjusted the maximum damage values accordingly (Table 2 ). For Eilenburg, the building surface and density estimates were derived from a detailed dataset covering all individual buildings in the city (Apel et al., 2009 ). For Carlisle, we used 1 m × 1 m resolution MasterMap®land use data in combination with (Fig. 6) give the percentage loss (y-axis) to the maximum damage values as a function of water depth (x-axis). As has been shown in previous studies (e.g. Barredo and De Roo, 2010) , the models vary strongly in terms of the shape of the applied functions and maximum damage values.
Empirical comparison
In this study we aim at comparing the damage models mutually as well as with reported damage figures provided by financial institutions. To facilitate this comparison, we analysed the empirical damage data available, and as far as possible linked the data to the four CORINE land use classes used to run the damage models.
Eilenburg
The direct economic damage of the 2002 flood in Eilenburg was documented by Saxonian Relief Bank (SAB). According to SAB data, an estimated 765 residential properties were affected with a total damage of C77.1 million. Damage to commercial buildings totalled an estimated C33.9 million (Apel et al., 2009; Seifert et al., 2010a; SAB, personal communication, 2004) . Infrastructure losses were not reported by SAB. However, the federal state of Saxony has published a report for the whole of Saxony, reporting damage to infrastructure of 1.4 times residential losses (Leitstelle Wiederaufbau, 2003) . Infrastructure losses in Eilenburg resulted from a collapse of a railway bridge and severe damage to roads, amongst other things. Thus, assuming the Saxony-wide 1.4 ratio of infrastructure to residential losses is approximately the same in Eilenburg, we estimated infrastructure losses for the case study area at C109 million. Hence, total damage is estimated at C218 million.
Carlisle
The Association of British Insurers estimated the total insured damage in Carlisle at £272 million ( C382 million 2 ). Although a more detailed breakdown of damage from this event is not available, we have made an estimate on the basis (2) an average of 54 % of the total damage was attributed to households, the other 32 % to commercial and industrial properties and 14 % to infrastructure. Applying the relative losses per class found in this study to the available insured damage data for Carlisle, we estimated total direct damage at £228 million (C321 million), £108 million (C151 million) and £46 million ( C64 million) to residential properties, commercial/industrial units and infrastructure, respectively. Total direct damages amount to £383 million (C535 million). Note that the estimated damage to infrastructure in Carlisle is much lower relative to the total damage than the figures estimated for Eilenburg. This is mainly a result of high losses from a railway bridge and road sections in the Eilenburg area.
Sensitivity analysis
Finally, we conducted a sensitivity analysis to quantify the effect of uncertainties associated with the modelling of flood damage. In the analysis we distinguished between two different types of uncertainties: function uncertainty and value uncertainty. The first is defined as sensitivity of the outcome to uncertainty in the shape of the depth-damage functions, while the latter relates to uncertainty in maximum damage values. We calculated function uncertainty by combining fixed maximum damage estimates with all seven depthdamage functions. Following the same logic, we computed value uncertainty by combining a fixed depth-damage function with all seven maximum damage values and assessed the spread. Both types of uncertainty can be expressed in terms of the absolute and relative difference between the highest and lowest damage estimates. We refer to these as absolute value/function uncertainty and relative value/function uncertainty, respectively.
Flood damage models
In this section we provide a brief description of the focus, development and characteristics of the different models included in this study, as well as an explanation on the application of each model in the quantitative section of our study. The aim of this section is to identify key methodological dissimilarities, rather than to provide an exhaustive description of the approaches. For more detailed information, the reader is referred to the publications cited.
FLEMO
The FLEMO model family has been developed at the German Research Centre for Geosciences, primarily for scientific flood risk analyses from the local to national scale (e.g. Apel et al., 2009; Vorogushyn et al., 2012) . It contains the rule-based multi-factorial Flood Loss Estimation MOdel for the private sector (FLEMOps) for the estimation of direct tangible damage to residential buildings and the rule-based multi-factorial Flood Loss Estimation MOdel for the commercial sector (FLEMOcs) for the estimation of direct tangible damage to buildings, equipment and goods of companies Seifert et al., 2010a) . FLEMOps calculates the flood damage using five different classes of inundation depth, three individual building types, two classes of building quality, three classes of contamination and three classes of private precaution . The FLEMOps model has been further developed for different flood types Elmer et al., 2010 , Kreibich et al., 2011a , but these specific versions have not been used in this study. FLEMOcs has a similar structure, it calculates the flood damage using five classes of inundation depth, four different economic sectors, three classes of company size in respect to the number of employees as well as three classes of contamination and three classes of private precaution .
The models are based on empirical damage data from the floods in 2002, 2005 and 2006 in the Elbe and Danube catchments in Germany Kreibich et al., , 2011b . For local studies the models are applicable on the building level (micro-scale). For applications on the regional to national level (meso-scale) the models have been adapted using census, geo-marketing and land use data. For the Germany-wide application, asset values of residential buildings and companies have been calculated and disaggregated on different land use classes Thieken et al., 2006; Seifert et al., 2010b; Kreibich et al., 2010) . The models have been intensively validated on the micro-as well as on the meso-scale using different data sets of repair costs at the scale of single buildings and whole municipalities Seifert et al., 2010a) .
To enable an easy quantitative comparison with the other damage models in this study, simplified adapted model versions are used in this study: FLEMOps for estimating residential damage and FLEMOcs to estimate commercial and industrial damage. The models have been reduced to their main determining parameter, i.e. water-depth, in only using their depth-damage functions. For the model parameters residential building types and quality (FLEMOps) and economic sectors and company size (FLEMOcs), average values per case study area have been used. Only the first model stage of both models has been applied, which means that contamination and precaution have not been taken into consideration. Results of the application and validation of the full FLEMOps model in Eilenburg have been published by Apel et al. (2009) .
Damage Scanner
The standard method for the detailed estimation of flood damage in the Netherlands is the Damage and Victims Module (SSM) (Kok et al., 2005) . The HIS-SSM model is used extensively by government agencies to estimate potential flood damage on a regional or national scale and calculate economically efficient investments in defences (Kind, 2011) . The disadvantage of the HIS-SSM is that it requires highly detailed data on individual buildings, industries and infrastructures. Since this information is not always available, the Damage Scanner model (DSM) was developed (Klijn et al., 2007) . The Damage Scanner is based on the economic values and depth-damage curves of the HIS-SSM module, but works with aggregated land use data instead of individual units. It is specifically designed for estimations at the regional scale and local variations are averaged out as much as possible. Maximum damage values for identical land use classes are defined at the national scale and do not vary spatially. Also, velocity is not taken into account as an influencing factor. The Damage Scanner has been used for the estimation of future flood risk under climate and land use changes in various regions of the Netherlands (e.g. Bouwer et al., 2010; Aerts and Botzen, 2011; te Linde et al., 2011; Ward et al., 2011; Poussin et al., 2012) .
The underlying estimates of the Damage Scanner are mainly based on synthetic data, using "what-if analyses" estimating the damage that would be expected in case of a certain flood situation. Maximum damage values are based on rebuilding values (buildings), replacement values (contents) and market values (agriculture) (Briene et al., 2002) . Indirect losses are calculated as an additional 5 % on top of the direct losses, and are consequently also subject to depth-damage curves.
The application of the Damage Scanner in our case study areas was relatively straight-forward, since the land use classification of the Damage Scanner already corresponds well to the CORINE system. Similar to CORINE, the Damage Scanner recognises a high density and a medium density class for urban areas, plus an additional low density class for rural areas which we did not use. Also, the Damage Scanner has a single land use class for "Labour", including both commercial and industrial properties, and one class for infrastructure. The asset and vulnerability estimates for the aggregated urban classes of the Damage Scanner assume a degree of nonproperty land-occupation such as roads and open space.
Flemish model
A model for flood damage estimation developed for the Flemish Environmental Agency in Belgium is described by Vanneuville et al. (2006) . Similar to the Damage Scanner, the Flemish methodology is specifically designed for assessments on a regional and national scale using aggregated land use data. The methodology has been applied for identifying vulnerable areas (Vanderkrimpen et al., 2009 ) and calculating efficient flood defence investments (Giron et al., 2010) .
The maximum damage values in the Flemish model are based on national averages of housing prices, surface areas and market values. Damage to residential content is assumed to be 50 % of the structural losses. Furthermore, indirect costs are included as a percentage on top of the direct damage, ranging from 10 % for agriculture to 40 % for industry.
The Flemish model has been developed specifically for aggregated land use data and, like the Damage Scanner, tailoring to CORINE for the use in our quantitative analysis was relatively simple. The Flemish model has a separate structure and content class for residential areas, which we summed and allocated to the CORINE urban fabric classes. There is only one infrastructure and one "industry" (industry plus commerce) class
HAZUS-MH
The HAZUS Multi-Hazard software (FEMA, 2009; Scawthorn, 2006 ) is a tool for the estimation of the potential economic, financial and societal effects of natural hazards within the United States. HAZUS-MH comprises water, wind and earthquake induced hazards. In this paper we only discuss the Flood Model. The HAZUS-MH Flood Model has been applied in different settings, to spatially assess potential flood risk (e.g. FEMA Region IV, 2008) -failure probabilities and damage functions for infrastructure, constructed on the basis of modelling, expert opinion and historical data;
-a separate module for the estimation of indirect costs and larger economic effects of the flood event, with functions based on user-defined economic variables (e.g. size of the economy and unemployment figures).
Users of the HAZUS software have to choose between a basic "level 1" analysis using default input data, a "level 2" analysis using default data supplemented with regionally specified information, or a "level 3" analysis that requires extensive additional economic and engineering studies by the user. This choice pertains to both direct and indirect cost estimations. Ding et al. (2008) have shown that level 2 analyses bring more reliable results than level 1 analyses. Furthermore the user can define the intensity and timing of the flood, how much warning time the community has, and whether the losses should be calculated on the basis of replacement or depreciated asset values.
The high level of detail of HAZUS implies that we have to make several decisions when applying the model to our case studies on the basis of aggregated land use data. First, out of the different HAZUS object classes we selected one function for each CORINE land use class, thereby picking the class that was considered most consistent with the other models (Table 1) . We used maximum damage values based on replacement values, not depreciated values. Since HAZUS is an object-based model with maximum damage values only reflecting actual buildings and not the surrounding area, we adjusted the values by an estimated building surface area per CORINE grid cell ( Table 2 ). The resulting area-weighted maximum damage estimates for the selected CORINE land use classes are 61-88 % lower than the maximum damage estimates for individual objects, and should be more suited to reflect the reported damage patterns.
Multi-Coloured Manual
The Multi-Coloured Manual (MCM) and its predecessors present the most advanced method for flood damage estimation within Europe (e.g. Penning-Rowsell and Chatterton, 1977; Penning-Rowsell et al., 1992 , 2010 . The purpose of the MCM is explicitly defined as to support water management policy and enable quantitative assessment of the effect of investment decisions (Penning-Rowsell et al., 2010, p. 1). For these purposes, Penning-Rowsell et al. (2010) have developed a wide range of depth-damage relationships and additional methodologies for the estimation of the losses and benefits of flooding.
Contrary to most other damage models, the MCM assesses building losses using absolute depth-damage curves, defining potential damage in British Pounds with depth, rather than using relative curves and maximum damage values. These relationships are developed for a wide variety of residential, commercial and industrial buildings, using mostly synthetic analysis and expert judgment. Within each damage class, distinctive damage curves are available for different levels of physical building susceptibility (low-indicativehigh) and the presence of a basement. Since the calculated damage is aimed at representing national economic losses, all damage values are based on the pre-flood depreciated value of the affected properties.
Infrastructure losses are calculated in the MCM on the basis of observed traffic volumes on the affected road trajectory, the additional travel time and traffic cost per vehicle type. There are no damage functions to estimate physical damage to infrastructure. However, on the basis of empirical data from the 2007 floods, direct infrastructure recovery costs are estimated at 5.6 % of property losses for urban and 10.7 % for rural areas (J. Pardoe, personal communication, 2011). We used these generic figures in the present study.
The MCM describes the calculation of indirect flood damage as problematic (Penning-Rowsell et al., 2010, p. 38) and does not offer a generic methodology for such an assessment.For the benefit of mutual comparison with the other models, we have converted the absolute functions of the MCM to a relative system. In doing so we respected the maximum damage and proportional increase with depth, keeping the model outcomes unchanged.
Similar to HAZUS, the MCM is an object-based model, of which the maximum damage per square metre estimates only reflect expected repair costs to buildings and not damage to the surrounding land. From the available MCM categories we selected the classes that were considered to be most consistent with the classification of the other damage models and assigned them to the corresponding CORINE land use classes (Table 1) . Again, we made a correction for the estimated surface area and density of buildings in each of the case study areas to generate an average maximum damage per square metre value for each CORINE class in both case studies ( Table 2) . As is the case for HAZUS, the CORINEadjusted maximum damage values are 61-88 % lower than the original values.
Rhine Atlas
As a response to the 1995 floods in the Rhine basin, an Action Plan on Floods was agreed upon in 1998 to bundle all knowledge and measures, and to identify flood risk performance targets within the Rhine area (ICPR, 1998) . In order to meet the performance targets in terms of risk reduction and flood awareness, the Rhine Atlas damage model (RAM) was developed (ICPR, 2001) .
The RAM has the least detailed classification system of the models included in this study by recognising only five land use classes, three of which are attributed to built-up area. The depth-damage functions and the corresponding maximum damage values were established on the basis of the empirically based HOWAS flood damage database and expert judgement (ICPR, 2001) . For the land use classes residential, industrial and infrastructure, the RAM applies both a structure and contents damage assessment. Since the RAM is developed to estimate direct economic costs, all damage values are calculated on the basis of depreciated values. Through a comparison with insurance data, the ICPR (2001) estimates that the replacement values are approximately a factor 2 higher than depreciated values. Indirect losses are not included in the RAM.
The relatively simple classification system of the RAM makes it easy to apply the model to case studies using CORINE land use data. We assigned the maximum damage values and depth-damage curves for residential areas to both continuous and discontinuous urban fabric in CORINE. As is the case with CORINE, the RAM contains a single class for industrial/commercial areas as well as one class for infrastructure.
JRC Model
In support of European policy on flood risk management, the European Commission's Joint Research Centre -Institute for Environment and Sustainability (JRC-IES) has developed a pan-European damage model (Huizinga, 2007) , which has been applied to estimate trends in European flood risk under climate change (Ciscar et al., 2011; Feyen et al., 2012) . In this paper, we refer to this as the JRC Model.
The JRC Model comprises differentiated depth-damage functions and maximum damage values for all EU-27 countries. Asset values are based on the CORINE land use data and are classified into five damage classes: residential, commercial, industrial, roads and agriculture.These damage classes are more specific than the original CORINE classes of continuous urban fabric, discontinuous urban fabric, industrial or commercial units and roads and rail networks and associated lands. An estimate is made of the relative breakdown of CORINE classes into the specific damage classes on the basis of the more detailed LUCAS photographic pointdatabase (European Commission, 2009). As a result, the flood depth in every grid cell is multiplied with a weighted average of depth-damage functions and maximum damage values. Depth-damage functions of nine countries were acquired from existing studies and applied to the corresponding damage classes. Where national studies were not available, an average of all available functions for the specific class was assigned. The average function is also applied when a country-specific function has a maximum relative damage factor of 0.6 or less,because in that case the maximum damage at even the highest water levels is reduced to such an extent that the function is considered invalid (Huizinga, 2007, p. 2-19) .
Maximum damage values were collected from all EU countries for which this information could be found and damage functions were known. Subsequently, an average of these values was calculated for each of the damage classes, which can be applied to any EU-27 country or region, scaled to the GDP per capita. The administrative levels used were both country level and NUTS 2 level (800 000 to 3 million inhabitants). Hence, the JRC damage functions are uniform within countries, whereas the maximum damage values can vary among regions within countries.
For the United Kingdom, Huizinga (2007) applied depthdamage functions based on Penning-Rowsell et al. (2005) and Van der Sande (2001) . Maximum damage values for the Carlisle region were calculated using the average GDP per capita in the county Cumbria. For Germany, depth-damage functions were chosen using a combination of data from ICPR (2001), Apel et al. (2004) , Meyer and Messner (2005) , Büchele et al. (2006) , Lindenschmidt et al. (2006) and Messner et al. (2007) . Maximum damage values for Eilenburg were based on GDP figures from the Leipzig region.
As a result of the averaging of maximum damage values, the existing strong discrepancy that sometimes exists between maximum values across (adjacent) countries is reduced, but so is the consistency in these values to a certain extent. One reason for the reduction in consistency is that the average maximum damage values are made up of both depreciated and replacement values. Also, some of the maximum damage values include a percentage addition for indirect damage, while others do not. The JRC Model does not include a separate calculation of indirect effects. (2007) 5 Results and discussion
Qualitative assessment
In Sect. 4 we presented a broad description of the seven flood damage models included in this study. A structured evaluation of the methodologies on the basis of the parameters defined in the qualitative framework (Fig. 3) is presented in Table 3 . The results show that while all models are developed around depth-based flood damage assessment, there are strong differences in the approaches used. In this section we describe the main differences between the models that have an effect on the damage estimates, following the three aspects of the qualitative framework (Fig. 3) .
Object versus area based models
An important division that can be recognised is between the object-based HAZUS and MCM models on the one hand, which use a large number of object types and corresponding flood damage characteristics, and the more aggregated surface area-based models on the other hand. The object-based models have the advantage that they can control for varying building density in areas that have the same CORINE land use class. At the same time, area-based models are used more easily for rapid calculation over larger areas and can be applied to scenario analysis (e.g. Klijn et al., 2007; Aerts et al., 2008; Aerts and Botzen, 2011) .
Regional differentiation
Also, the models vary regarding the ability to apply spatial differentiation in their input parameters. The DSM, Flemish, RAM and MCM models have average parameters defined for each object or land use class, which are applied to their entire area of application (Netherlands, Belgium, the Rhine basin and the United Kingdom, respectively). FLEMO calculates damage using asset values differentiated on a municipality level, while applying the same depth-damage relationships to all areas. The HAZUS model accesses an extended US-wide database with asset values at the level of objects (e.g. important facilities, bridges) and census blocks (e.g. residential areas), in combination with a set of standard values for most object types. The same depth-damage functions are used nation-wide for the different types of objects. The JRC model differentiates maximum damage values on a NUTS 2 administrative level based on GDP per capita data, and depth-damage functions on the country level based on available studies. It can be expected that models that do not use regional differentiation will overestimate flood damage in the periphery, where values are low, and might underestimate losses in areas where values are higher than average.
Input data
A further difference relates to the data upon which the models are based. FLEMO has a strong empirical foundation, with reported damage data used both in the development and validation of the model. HAZUS and the Rhine Atlas are to a limited extent based on empirical data. The other models are almost purely synthetic, with maximum damage values and depth-damage curves developed using "what-if" analysis of the effect of simulated flood characteristics on different land use classes. Models based on empirical data could be more accurate when applied to a similar case study, but, as with synthetic models, the question remains whether data from a flood event in a certain location can be applied to another region or country (Green et al., 2011) .
Damage calculation
Finally, we found that there is an important difference in methods for the valuation of assets at risk. FLEMO, DSM and the Flemish model value assets at replacement costs; MCM and RAM are based on depreciated values; the JRC model is a mixture of both; and HAZUS allows the user to choose which of the value types to use. Replacement values are interesting from an insurance perspective, since they provide information on the potential pay-outs involved. On the other hand, depreciated values are an estimated factor 2 lower than replacement values (e.g. ICPR, 1998) and give a better indication of the true economic costs associated with the (partial) loss of the asset (e.g. Penning-Rowsell et al., 2010) . Given the big effect on the outcome, one should be aware of the type of valuation used in the model and choose a valuation based on the purpose of the analysis. Table 4 shows that the modelled inundation zone in the Eilenburg study area is about three times as large as in the Carlisle area. Modelled flood depths vary strongly per location and land use class, with the average overall flood depth per grid cell being slightly higher in Eilenburg (1.83 m) than in Carlisle (1.54 m). Carlisle has more than twice as much total urban fabric in the inundated area than Eilenburg, 5 % of which is classified as continuous urban fabric, a class not present in the Eilenburg area (Fig. 4) . At the same time, Eilenburg has about 50 % more inundated area classified as industrial and commercial units. Also, based on the vector infrastructure data that we added manually to the original CORINE data, we find the area classified as infrastructure to be greater by approximately a factor four in Eilenburg than in Carlisle. The total estimated reported damage is approximately 145 % higher in Carlisle than in Eilenburg, in spite of the fact that the inundated area is 220 % smaller. The reported damage per square metre of the total inundated area is on average C64 in Eilenburg and C497 in Carlisle, a difference of a factor 7.8. The difference results from substantially higher losses from residential, commercial and industrial properties in Carlisle. Estimated infrastructural losses, on the other hand, are more than twice as high in Eilenburg.
Quantitative assessment

Damage estimates
For Eilenburg, the model estimates that show the strongest agreement with the reported damage are those from MCM and JRC. If we exclude the infrastructure component, which is not covered in all models, FLEMO, HAZUS and RAM are all within 50 % error margins of the reported losses. The DSM and Flemish models strongly overestimate residential losses in Eilenburg. In Carlisle, on the other hand, all models strongly underestimate total losses. HAZUS and JRC show the strongest agreement both with and without the inclusion of infrastructure. The HAZUS and JRC models are also the only models that correctly simulate higher losses in Carlisle than Eilenburg (Fig. 7) . The RAM strongly underestimates damage in both areas, which is in line with findings from earlier comparison studies (e.g. De Moel and . Figure 7 shows the magnitude of the modelled damage as well as the relative distribution over the residential, commercial/industrial and infrastructure classes. Note that FLEMO, HAZUS and MCM do not have depth-damage curves for infrastructure and thus do not include an estimate for this class. In both study areas, the reported residential damage is higher than commercial and industrial flood losses. Figure 7 shows that all models capture this.The same is not true for the estimation of infrastructure losses, which make up a significant share of the total damage in Eilenburg. Even with the complementary infrastructure data added to CORINE, all damage models that include this class strongly underestimate the corresponding losses in both case studies. This finding matches the general consensus that estimation of direct residential and commercial building damage is the best developed part of flood damage models, and is surrounded by less uncertainty than the estimation of infrastructure losses (Meyer and Messner, 2005; Merz et al., 2010; Green et al., 2011) . At the same time, it is important to note that the DSM, Flemish, RAM and JRC models all include a component of local infrastructure as part of the asset values in residential areas. In these cases the infrastructure loss is represented in the damage estimates, but not distinguishable as a separate class.
Relative distribution
Object versus area based
One reason why the reported damage is more than twice as high in Carlisle than in Eilenburg,whilst the area of the former is more than half that of the latter, is found in different building densities between the two areas. While the total area of urban fabric is a factor 3.7 times larger in Eilenburg (2.2 million km 2 ) than in Carlisle (0.6 million km 2 ), the reported total number of affected properties (765 vs. 1844) is a factor 2.4 lower. The Carlisle case study does have about 5 % of its urban surface classified as continuous urban fabric Table 4 . Note that the simplified FLEMO, HAZUS and MCM models do not include specific estimates for infrastructure losses.
rather than discontinuous urban fabric whereas this land use class does not exist in Eilenburg, which is too little to explain the difference. The estimated damage to residential properties is C77 million in Eilenburg and C321 million in Carlisle, a factor 3.2 difference. Failing to correct for varying density within the same CORINE land use class irrevocably leads to higher damage estimates for the larger area of Eilenburg than Carlisle. Correspondingly, the density-adjusted version of HAZUS does correctly simulate higher losses for Carlisle. The MCM still estimates damage in Eilenburg to be higher than in Carlisle, but the difference is much smaller than without density correction. The JRC model also produces higher estimates for Carlisle than Eilenburg, due to the fact that it assigns a higher maximum damage value and a steeper curve to Cumbria than it does to Saxony (Fig. 6) , which is unrelated to the density argument. These results show that care needs to be taken with aggregated land use data such as CORINE, which do not always accurately display local heterogeneity in object density and typology. Whether an object-based or area-based approach is more suited depends both on the scale of the study area and the quality of the land use data. Very small-scale studies in which the damage estimates of individual properties strongly affect the outcome would benefit from an object-based approach. On larger scales the local inaccuracies can be expected to average out to a certain extent. For the case study of Eilenburg, Apel et al. (2009) show that damage estimates on the basis of detailed aggregated land use data can be more accurate than object-based estimates. Our results confirm that area based approaches can deliver accurate results compared to reported flood losses, although adjusting for varying building density is advisable when working with CORINE land use data.
Maximum damage values
The factor 2.4 difference in the number of properties affected in Carlisle and Eilenburg, and related difference in building density, cannot fully explain the factor 3.2 difference in reported damage to residential, commercial and industrial properties.This remaining difference could plausibly result from the difference in asset values between the areas, for example in building and content values, which are shown to be directly related to GDP per capita and economic activity (Green, 2010) . We clearly observe that the JRC damage model,which specifies maximum damage values on the basis of GDP per capita at NUTS 2 administrative level, best captures this variation. The FLEMO model applies maximum damage values based on Eilenburg asset values, and accordingly gives a very good estimate of Eilenburg damage but too low estimates in Carlisle where higher maximum damage values seem to be more representative.
Also, it is important to note the effect of valuing assets at either depreciated or replacement costs. The RAM, which is based on depreciated values, substantially underestimates losses in both case studies. Multiplying its outcomes with a factor 2, which is estimated by ICPR (1998) to be the approximate difference between replacement and depreciated values, indeed gives a simulated damage that is much closer to the reported losses in Eilenburg. In Carlisle, however, the RAM would still give the lowest estimates, on par with FLEMO, even after the factor 2 increase in maximum damage values. The MCM is also based on depreciated values, but still overestimates residential and commercial/industrial losses in Eilenburg. In Carlisle the MCM estimates are average compared to the other models, but low compared to reported damage. Thus, overall we cannot identify a clear pattern between models using replacement or depreciated values. . Function uncertainty is shown by keeping a constant maximum damage value ( C100 for Eilenburg, C800 for Carlisle) while using the various depth-damage functions from all models. Value uncertainty is shown by keeping a constant depthdamage function (FLEMO for Eilenburg, MCM for Carlisle) while applying the various maximum damage values.
Sensitivity analysis
We conducted a sensitivity analysis to identify the effect of the applied depth-damage functions on the one hand, and the corresponding maximum damage values on the other. Figure 8 shows the results for uncertainty in residential damage. We visualised function uncertainty by keeping one fixed maximum damage value while applying the different depthdamage functions. For both case study areas, we manually chose the "median" maximum damage value that resulted in a distribution of model outcomes around the reported flood damage in each case study (Fig. 8 ). The applied maximum damage values are C100 for Eilenburg and C800 for Carlisle. The large difference in "median" value results from the discrepancy in average reported damage per square metre, which is a factor 7.8 higher in Carlisle than in Eilenburg (see Sect. 5.2.1). Value uncertainty is shown by combining fixed depth-damage functions with the different maximum damage values. We applied the depth-damage functions developed for the respective countries -for Carlisle we used the MCM and for Eilenburg the FLEMO functions. Figure 8 shows that both function and value uncertainties have a strong influence on the simulated results. Depending on the input functions and maximum damage values, modelled damage varies between C55-C472 million in Eilenburg, and C32-C612 million in Carlisle. The relative difference between the highest and lowest estimates is a factor 7.4 for value uncertainty in both study areas. For function uncertainty, the differences are a factor 3.7 in Eilenburg and 10.5 in Carlisle. This is higher than the factor 2 for both function and value uncertainty as found by De Moel and Aerts (2011). The reason for the difference is that their study only includes the Damage Scanner, Flemish and RAM, while our comparison includes models that produce both lower and higher estimates.For the same reason, our estimate for function uncertainty is slightly higher than the factor 4-8 found by De Moel et al. (2012) , who computed this using Monte Carlo analysis of the input variables of the DSM.
Function uncertainty
The difference between the highest and lowest damage estimates (Table 5) shows that absolute function uncertainty is larger in Carlisle than in Eilenburg. Moreover, the relative function uncertainty, calculated by dividing the highest estimate by the lowest one for each case study, is also larger. This indicates that the same maximum damage value leads to a larger relative spread of modelled damage in Carlisle than in Eilenburg.The explanation can be found in the flood depth histogram (Fig. 4) and the shape of the damage functions (Fig. 1) . Figure 5 shows that about 10 % of the inundated grid cells in the Carlisle study area are inundated with flood depths between 0 and 1 m, compared to only around 5 % in Eilenburg. Figure 9 shows that the relative difference between the highest and lowest depth-damage functions is considerably larger in this depth range than in any other range. The relative difference declines with depth for inundation above 80 cm. Uncertainty in depth-damage functions thus leads to a larger relative spread of model outcomes in study areas with low inundation depths. Theoretically, a flood event in which inundation is homogenously constant at around 0.5 m could result in a function uncertainty of a factor 40-50. In terms of uncertainty assessment, this result implies that propagation of uncertainty in different parts of the applied relative depth-damage function varies on a case-to-case basis with differences in depth-frequency histograms. Hence, if models are to be applicable to a wide range of potential flood events, close attention has to be paid to all sections of the depth-damage function.
Value uncertainty
We assessed value uncertainty using one constant depthdamage function, and it therefore only shows disparity in absolute variation in damage model estimates between both case study areas. In other words, changing the maximum damage value while using the same curve affects the absolute spread in model outcomes, but the relative difference between the highest and lowest model estimates remains the same. This relative difference is a factor 7.4 in both Eilenburg and Carlisle. In absolute terms, the value uncertainty results show the opposite pattern to function uncertainty ( Fig. 8 ; Table 5). The larger inundated surface area in Eilenburg causes a stronger effect of variation in model outcomes. In particular, the greater amount of residential area (to which most damage models assign the highest maximum value) results in a considerable spread. In addition, the number of grid cells inundated with a higher flood depth (e.g. > 2 m) is relatively larger in Eilenburg than in Carlisle (Fig. 5) , which means that maximum damage values are approached more often in Eilenburg. The effect of the larger inundation depth on damage estimates is amplified by the shape of the damage functions used for both case studies, FLEMO (Eilenburg) and MCM (Carlisle) (Fig. 6) . The FLEMO residential depthdamage curve approaches its maximum at around 1.5 m inundation. Hence, in combination with Fig. 5 , we see that maximum damage applies for approximately 90 % of the inundated area when applying FLEMO. The depth-damage curve of the MCM model only reaches its maximum at 3 m, which means that maximum damage applies for only circa 35 % of the inundated cells in Carlisle.
The results emphasise that absolute uncertainty in asset values propagates relative to the size of the inundated surface area, assuming the difference between the maximum damage per square metre value assumed in the model and the real maximum damage value is similar over space. Models applying the same asset values to a number of economically distinct regions, even if this asset value is a good estimate on average, may thus substantially over or underestimate absolute flood losses. FLEMO, HAZUS and the JRC Model incorporate regional differentiation of asset values in their approach, while the DSM, Flemish Model, RAM and the MCM do not.
Comparison
Relative value uncertainty is dependent on the maximum damage values chosen in the damage models and thus varies within those boundaries. In contrast, function uncertainty depends on the frequency histogram of inundation depths and could reach a factor 40-50. Thus, sensitivity of modelled flood damage estimates to uncertainty in depth-damage functions is higher than to uncertainty in maximum damage values. This is in line with findings of De Moel et al. (2012) , who carried out a sensitivity analysis on the basis of statistical uncertainty bounds around the DSM.
The strong effect of both types of uncertainty emphasise the spatial heterogeneity of exposure values and vulnerability on the basis of which the different flood damage models have been developed. The results concur with findings by Green et al. (2011) , who argue that exposure values are directly related to GDP per capita. However, the results of the JRC model, in which the difference in exposure values between Carlisle and Eilenburg is indeed based on a function of GDP, show that only correcting for this factor does not lead to a satisfactory result for each land use class. This stresses that there are other factors influencing local vulnerability and exposure -such as predominant building style, household income, regulations, and flood insurance practice -which may cause discrepancies when applying damage models outside of their region of development.
Conclusions and recommendations
In this paper we have compared seven flood damage models on their documented properties as well as their quantitative performance in two case studies. We observe significant differences between the models that are clearly translated in the model outcomes. The comparison provides valuable insights for the development of a sophisticated pan-European damage modelling framework.
First of all, care needs to be taken with the input land use data on which to base the damage modelling.The results show that in the case of relatively small study areas, local heterogeneity in the density of objects within the same land use class can have a strong effect on the damage estimates. Thus, when using aggregated area-based data such as CORINE, adjustments should be made to account for varying density of assets within areas classified as the same land use type, to prevent strong over or underestimation of flood damage. Where possible, a sensitivity analysis of the effect of using either aggregated or object-based land use data and damage models can assist with getting a grip on the spatial consistency of the land use data.
Also, we noticed that the original CORINE land use data did not report any infrastructure and associated land in either of the two case study areas used in this study, while damage to infrastructure made up a significant share of reported losses. We added roads and railways using an additional data source. Spatial infrastructure databases are available with improving precision on an increasingly large scale (e.g. PBL, 2011), and are already applied successfully in global land use and accessibility studies (e.g. Verburg et al., 2011) . However, our comparison results also show that even with the additional infrastructure information, current methodologies still underestimate losses to this land use class, which is in line with findings from earlier studies (e.g. Meyer and Messner, 2005; Merzet al., 2010) . Since infrastructure losses can make up a large share of total losses (e.g. , it should be a future research priority to identify the damage inflicting factors and establish methodologies for accurate damage assessment. We also note that the analysis in this study has been limited to the sensitivity of damage models that use depth as main damage determining parameter. Kreibich et al. (2009) have shown that flow velocity can have a strong impact on infrastructure damages, which contributes further to the uncertainty surrounding the damage assessment.
Furthermore, our study emphasises the need for respecting the regional variation in asset values. The relevance of spatial differentiation has been shown by the regionally validated FLEMO model, which performs very well in Eilenburg but not in Carlisle. Also, the case study results show that the first European model developed for the European Commission's Joint Research Centre (Huizinga, 2007) produces estimates that are relatively close to the reported damage in both case studies. Both models apply regional differentiation of asset values, either on the basis of GDP per capita data at NUTS 2 administrative level (JRC Model) or reparation cost data at municipality level (FLEMO). GDP has been shown to be directly related to asset values (Green, 2010) , but this relationship can be distorted substantially in countries that are largely dependent on natural resources or those with large internal income inequality (e.g. Jongman et al., 2012) . Also, only correcting for GDP does not take into account other factors influencing exposure and vulnerability differences between regions, such as building style, household income, regulations and insurance practice. We therefore propose that a new European methodology differentiates maximum damage values and vulnerability functions based on an informed selection of such aspects.
Similar to previous findings by De Moel et al. (2012) , our sensitivity analysis shows that uncertainty in depthdamage curves can affect the resulting damage estimates more strongly than uncertainty in the applied maximum damage values.Because we applied a larger variety of damage models, our estimates of function uncertainty (factor 4-11) are slightly higher than those found by . The effect of uncertainty due to the shape of depthdamage functions as well as the maximum damage values is shown to be dependent on the inundation depth pattern of the flooded area. Since uncertainty in depth-damage functions has a large effect on the outcome, and given that the functions describe local asset characteristics, we also propose differentiation in this respect. The JRC Model currently does this on the basis of available national studies and by assigning an average curve to countries for which no study is available. We propose a more advanced differentiation on the basis of observable factors such as assumed building material, type, quality and age, and the average value of content compared to structure value, in combination with artificial inundation scenarios, expert judgement and an improving empirical damage database.
Finally, it is worth noting the increasing attention to flood damage modelling methods that reach beyond the European level. Global scale flood risk assessments are, for example,included in recent reports of international organisations such as the UNISDR (UNISDR, 2011) and IPCC (IPCC, 2012) , and financing institutions like the World Bank (Jha et al., 2012) and Munich Re (Munich Re, 2010) . Even though data availability on a global scale is more limited than on the European level, the recommendations resulting from this study are also applicable to the development of a global flood risk framework.
